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Abstract 
Cyclone Xaver (5 December 2013; North Sea) was an extreme weather event which affected northern Europe, yielding a record of 
wind power generation. The most striking aspects of this atmospheric phenomenon were the gale-force winds and the upcoming 
abrupt increase of the wind power over the North Sea. The main objective of the study is the analysis of the impact of Xaver on 
offshore wind power production. In this way, the WRF numerical model was used to simulate the cyclone in a fine horizontal 
resolution (5km x 5km). The focus of the simulation is on the extended region of the North Sea and the Baltic Sea. The evaluation 
of the model outputs against observational data from 3 offshore locations denotes a sufficient agreement (SIĬ0.12) and supports 
a realistic analysis of the wind field. The simulation exposed much higher values for wind speed over the North Sea compared to 
the neighboring regions during the passage of the cyclone. The wind speed at the 100 m level ranged within 11-25 m/s (rated output 
wind speed) for 40 hours over the North Sea and 70 hours over the Baltic Sea. On the other hand, the wind speed at 100 m exceeded 
25 m/s (cut out wind speed) for ca 30 hours over the North Sea. In addition, comparison of wind power density between two 
different height levels (100 m and 200 m) is presented. The model results indicate 15% to 20% higher wind power density at 200 
m than for 100 m for the largest part of the North Sea. For some regions the difference exceeds 25%. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
On 4 December, 2013 a cyclonic system was generated southeasterly of Greenland. During its formation, the upper 
air conditions intensified the cyclonic circulation and the system progressed southeasterly. The cyclone known as 
Xaver by Free University of Berlin [1] (also known as Bodil [2], [3] by Danish Meteorological Institute and Sven [4] 
by Swedish Meteorological and Hydrological Institute) was continuously deepening during its movement towards 
Scandinavian Peninsula. In total, Xaver influenced an extensive region of North Europe, moving gradually from 
southeastern Greenland to the Baltic Sea, passing over the north shore of United Kingdom, the North Sea and 
Scandinavia. It was a remarkable phenomenon as it was accompanied by gale-force winds over North Sea and low 
values of mean sea level pressure in the center. 
The impact of the strong winds was substantial mainly for the coastal areas of North Europe. The intensity of the 
wind field had a major impact in the energy industry. The wind resources affected the safety and performance of the 
grid [5]. Thousands of households encountered electricity problems [6], whereas in Germany onshore and offshore 
wind turbines set wind energy production records higher than 26000 MW [7] causing decrease of power spot prices 
lower than 25 €/MWh [8]. Moreover, in Denmark the shutdown of the wind turbines due to extreme wind speeds 
together with high electricity consumption led to a significant increase in the power spot prices up to 580 DKK/MWh 
[5].  
This study aims to investigate the impact of offshore wind energy of Cyclone Xaver over the North Sea and the 
Baltic Sea. Additionally, the ability of a numerical model to simulate the event with respect to this aspect is tested. 
Weather Research & Forecasting (WRF) model has been used in the past for offshore wind energy applications with 
satisfying results for wind climatology [9] [10] [11] [12]. These evaluation studies have been focused mainly on 
average wind speed. Here we will extend the model evaluation to extreme wind conditions. Thus, the WRF numerical 
model was utilized for the simulation of Xaver and for a better representation of the physical and dynamical conditions 
which supported the development and determined the track of the system. The time period under study expands from 
4 December, 2013 00:00 UTC to 7 December, 2013 12:00 UTC. The focus is on the extended region of the Baltic Sea 
and the North Sea, home of the largest operational offshore wind farms in the world [13]. 
2. Theoretical Background 
2.1. Wind Power Density 
The wind power density (WPD), measured in W/m2, is estimated for the investigation of the event [14]. It is 
used as an indication of the wind energy available for conversion by wind turbines during the cyclone’s passage. It is 
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Offshore areas of North Europe such as the North Sea and the Baltic Sea show high WPD values. The annual 
mean value for WPD at these areas is higher than 650 W/m2 at 100 m and 900 W/m2 at 200 m [15].  
2.2. Wind Turbines and Wind Speed 
A wind turbine starts to rotate its blades and generate power for wind speed usually greater than 3 m/s, known as 
cut-in wind speed. As the wind speed increases, the level of generated power raises until reaches the turbine generation 
limit. The wind speed at which this limit is reached, called the rated output wind speed and it is typically at 11-12 m/s 
[16] [17]. Wind turbines tend to perform to their utmost capacity regarding wind power generation at the 11-25 m/s 
range. The 25 m/s threshold is typically the cut out wind speed and it is defined as the speed at which the wind turbines 
stop rotating to avoid damage [18].  
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3. Case Study 
The synoptic meteorological conditions that occurred during cyclone Xaver, defined it as a significant weather 
phenomenon. Fig. 1 (a) shows the surface weather map on 5 December, 2013 at 12:00 UTC. The centre of the cyclone 
is located over Norway at this particular time. The mean sea level pressure over that area reaches approximately 967 
hPa. Fig. 1 (b) presents a Regional SatRep (Satellite Report) [19] on 5 December at 09:00 UTC which is a 
meteorological diagnosis of the Meteosat satellite image. It shows the time of the passage of strong atmospheric fronts 
over the North Sea. In both figures, the adjacent isobars over the North Sea indicate the existence of high winds (over 
30 m/s at 100 m) over that region during 5 December, 2013.  
a b 
  
Fig. 1. (a) Surface pressure analysis map (hPa) on 5 December at 12:00 UTC, derived from UK Met office surface analysis archive. Cyclone 
Xaver is the low pressure system with its centre at 967 hPa; (b) Regional SatRep over the North Sea on 5 December at 09:00 UTC (red lines: 
warm front, blue lines: cold front, green dots: rain, yellow symbol: fog), archived by http://www.knmi.nl/satrep. 
4. Model Set Up 
The Advanced Research WRF model (WRF-ARW) version 3.5 [20] was utilized for the simulation of cyclone 
Xaver. The WRF-ARW model is a fully compressible and non-hydrostatic numerical mesoscale model.  Fig. 2 (a) 
illustrates the domain of the simulation, which is expanding from Greenland to the Baltic Sea, encompassing Central 
and North Europe. The model uses a terrain following hybrid sigma-pressure vertical coordinate system and the grid 
staggering is following the Arakawa C-grid. For the numerical experiment one domain with a fine horizontal 
resolution (5 km × 5 km) was selected in order to avoid the disadvantages of nesting [21]. The horizontal grid mesh 
of 822 × 626, with time step of 30 s and 50 vertical levels stretching from surface to 50 hPa was chosen. The simulation 
period was 84 hours, from 4 December, 2013 at 00:00 UTC to 7 December, 2013 at 12:00 UTC. For the initial and 
boundary conditions of the simulation, the operational analyses from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) at the horizontal resolution of 0.125° × 0.125° and on 25 levels (surface, 20 pressure levels and 
4 ground levels) were applied. In addition, ECWMF operational analyses were used in order to retrieve the appropriate 
sea surface temperature fields. Especially for the sea surface temperature, a 6-hourly update based on the ECWMF 
analyses was implemented. The land use and orography data were obtained from the United States Geological Survey 
(USGS) database. The basic options for the parameterization schemes are listed in Table 1. The same parameterization 
schemes were used for the analysis of a low level coastal jet event that occurred over the North Sea and exposed 
agreement between the model and observational data [22]. Furthermore, the convection was explicitly resolved by the 
model without the use of any parameterization scheme. 
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Table 1. Parameterization schemes in WRF for the cyclone Xaver simulation. 
Sub-grid physics Parameterization Scheme 
Microphysics WRF Single-Moment 3-class [23] 
Planetary Boundary Layer Yonsei University (YSU) [24] 
Surface Layer MM5 Monin-Obukhov [25] 




Fig. 2. (a) The domain of the simulation; (b) Position of FINO 1, 2 and 3 measurements locations. 
5. Model Evaluation and Results 
Wind measurements from FINO 1, 2 and 3 offshore research platforms were available for the model evaluation. 
The height close to 100m (measurement height of the cup/sonic anemometers [27]) above mean sea level selected for 
this analysis. Fig. 2 (b) illustrates the location of FINO1 (54° 0.86' N, 6° 35.26' E), FINO3 (55° 11.7' N, 7° 9.5' E) in 
the North Sea and FINO2 (55° 0.42' N, 13° 9.25' E) in the Baltic Sea.  
For the model evaluation, time series of model (hourly instantaneous values) and observed wind data (hourly 
average) are plotted in Fig. 3. The plots show that model time series follow the corresponding time series of 
observations for both wind speed and direction. Nevertheless, the WRF wind speed has higher hour to hour variations 
as the outputs are instantaneous while the observed wind speed is hourly averaged. In addition, the scatter plots of 
model versus observed wind speed with fitted the identity line (blue) and the linear regression line (red) for FINO 1-
3 is illustrated in Fig. 3. The results show that the majority of the data points are lying near to the y=x. The slope of 
linear regression line is 0.99 at FINO1, 0.86 at FINO2 and 0.96 at FINO3. In order to quantify the quality of model 
data, the statistical parameters of Bias error and Scatter Index (SI) are computed. The Bias error is defined as the mean 
difference between the model estimation and the observed value of wind speed. The SI is determined as the root-
mean-square difference between model and measured data divided by mean measured data. Bias error and SI values 
tend to zero when there is a good agreement between observed and simulated data [28]. Table 2 presents the Bias error 
and the SI at 100 m at FINO 1- 3 during the event. The model slightly overestimates the wind speed at FINO 1 with 
Bias error equal to 0.175. For FINO 2 and 3, the model wind speed is underestimated by -0.750 and -0.332, 
respectively. The SI is estimated at 0.12 for all measurement locations indicating a good model performance. Finally, 
the results of the evaluation denote a sufficient agreement and support a realistic analysis of the wind field. 
The focus of the study is on the WPD impact of cyclone Xaver. Fig. 4 illustrates both the mean sea level pressure 
track of the cyclone (yellow) and the track of the maximum WPD at 100 m (red) for the period from 4 December, 
2013 at 22:00 UTC to 6 December, 2013 at 12:00 UTC. The minimum mean sea level pressure is located over the 
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Baltic Sea with a value of approximately 962 hPa. The mean sea level pressure is also low for the Scandinavian regions 
with values ranging from 965 hPa to 962 hPa. Regarding the maximum WPD, the results are intriguing as well. The 
peak is detected over Scotland with an approximate value of 43.9 kW/m2 at 100 m. This value is about 54 times higher 
than the typical annual mean WPD for this area. For the North Sea, the values surpass 36 kW/m2 at 100 m. 
 a b c 
 d e f 
 g h i 
Fig. 3. (a-c) time series of model (red) and observed (blue) wind speed; (d-f) scatter plots of model and observed wind speed; (g-i) time series of 
model (red) and observed (blue) wind direction at FINO1-3 during 4 December, 2013 at 00:00 UTC to 7 December, 2013 at 12:00 UTC. 
Table 2. Statistical parameters of Bias error and SI of wind speed data at FINO 1-3 
Location Bias error [m/s]  SI 
FINO1  0.175 0.118 
FINO2 -0.750 0.122 
FINO3 -0.332 0.116 
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Fig. 4. Mean sea level pressure in hPa (yellow) and maximum WPD in kW/m2 at 100 m (red) tracks for cyclone Xaver as simulated by WRF 
model. 
Fig. 5 reveals information for the entire period under simulation, 4 December, 2013 at 00:00 UTC to 7 
December, 2013 at 12:00 UTC. Fig. 5 (a) presents the sum of hours that simulated wind speed at 100 m resides within 
the range 11-25 m/s (rated output wind speed). On the other hand, Fig. 5 (b) shows the sum of hours for simulated 
wind speeds at 100 m, higher than 25 m/s (cut out wind speed). From Fig. 5 (a) it is apparent that according to WRF 
model wind speed ranges within 11-25 m/s approximate for 35 hours over the North Sea. Over the Baltic Sea higher 
frequencies are illustrated, reaching up to 70 hours at some regions. It is noteworthy that over the North Sea, the wind 




Fig. 5. Sum of hours for wind speed within the range 11-25 m/s (a), exceeding 25 m/s (b) for the period 4 December, 2013 at 00:00 UTC to 7 
December, 2013 at 12:00 UTC as simulated by WRF model. 
WRF model outputs exposed a strong wind field over the North Sea. Fig. 6 presents an area of the domain, 
containing the North Sea and the neighbouring regions. The featured parameter is the average value of the WPD from 
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5 December, 2013 06:00 UTC to 5 December, 2013 12:00 UTC for two different heights, 100 m (hub height close to 
modern offshore wind farms such as Hywind Scotland [29]) in Fig. 6 (a) and 200 m (idealized hub height) in Fig. 6 
(b) as simulated by WRF. The land surface is excluded for this case as well. The North Sea is characterized by 
relatively high average WPD [15]. Especially for areas far away from the shore, WPD exceeds 16 kW/m2 at 100 m 
and 20 kW/m2 at 200 m, ca 22-25 times higher than the typical annual mean WPD for the area. These high values 
correspond to wind speeds higher 25 m/s that cannot be harvest by the current wind turbine technology. Fig. 6 (c) 
showcases the difference in % of the WPD between 200 m and 100 m. For the largest part of the North Sea the 
percentage increase ranges within 15% to 20%. Some regions of the North Sea, such as easterly of UK, display an 
increase that exceeds 25%. These results reveal that wind turbines with an idealized hub height at 200 m can potentially 
harvest much higher WPD during extreme events compare to wind turbines at lower hub heights.  
 
   a                                                b                c 
           
                                                                          
Fig. 6. Average wind power density (W/m2) for the period 5 December, 2013 06:00 UTC – 5 December, 2013 12:00 UTC at 100 m (a), and 200 
m (b) and the percentage change (%) of the wind power density between 200 m and 100 m (c). 
6. Summary and Conclusions 
The current study presented an analysis of a cyclone, namely Xaver, with respect to the offshore wind power as 
simulated by the WRF model. The focus of the study is on the extended region of the North Sea and the Baltic Sea. 
The evaluation of the model outputs using observations from 3 offshore platforms indicated a realistic representation 
of the wind field with SI equivalent to 0.12 and Bias error between -0.75 and 0.175. According to the simulation, high 
values of WPD occurred over the North Sea, surpassing 16 kW/m2 at 100 m and 20 kW/m2 at 200 m, during this event. 
Furthermore, the sum of hours for which the wind speed at 100 m, exceeded 25 m/s is approximately 30 over the 
North Sea. Hence over this area the sum of hours for which the wind turbines perform to their utmost capacity (11-25 
m/s) is significantly less compared to the Baltic Sea. Finally, a comparison of the average of the WPD between the 
height levels 100 m and 200 m was performed. The results showcased 15% to 20% increase of WPD at 200 m for the 
largest part of the North Sea with particular regions exceeding 25%. Wind turbines with hub height at 200 m have the 
potential to harvest significant higher WPD compare to modern turbines (hub height at 100 m) during extreme 
conditions. 
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